The oxide ionic conductor Ba3W1.2Nb0.8O8.6 has been synthesised as part of an investigation into the new class of Ba3M'M''O8.5 (M' = W, Mo; M'' = Nb) oxide-ion conducting hexagonal perovskite derivatives. The substitution of W 6+ for Nb 5+ in Ba3W1+xNb1-xO8.5+x/2 leads to an increase in the oxygen content, which enhances the low temperature ionic conductivity.
INTRODUCTION
Interest in oxide ion conducting materials has recently increased due to their many applications, including electrolytes in solid oxide fuel cells (SOFCs) and oxygen separation membranes. [1] [2] [3] [4] Efficiencies greater than 85% have been achieved in SOFCs in combined heat and power applications. 5, 6 Additionally, SOFCs are fuel-flexible with negligible emissions of CO2 and NOx gases produced. 7 An important goal is to reduce the high temperature of operation of SOFCs to 400 -650 °C, whilst still realizing sufficient conductivities comparable to those achieved using zirconia-based electrolytes. 8 New materials are therefore sought which can exhibit high oxide ion conductivities at lower temperatures.
Fast oxide ion conductivity has been observed in several crystal structure types, including fluorite-related structures; 4, 9 La2Mo2O9 (LAMOX) based materials; 10 Bi4V2O11 based oxides; 11 lanthanum silicate and germanate apatites; 12 perovskites 13, 14 and the perovskite derivative NdBaInO4. 15 There are also several accounts of hexagonal perovskites which exhibit mixed electronic and ionic conductivity, including Ba7Y2Mn3Ti2O20 16 and the compounds Ba4M2O9 (M = Nb, Ta, Sb). [17] [18] [19] Significant oxide ion conductivity has recently been identified in Ba3MoNbO8.5 20 and Ba3WNbO8.5 21 , which exhibit bulk conductivities of 2.2 x 10 -3 S cm -1 and 1.7 x 10 -3 S cm -1 , respectively, at 600 °C. These compounds crystallise in a hybrid of the 9R hexagonal perovskite and palmierite structures, 20 containing a disordered mixture of (M/Nb)O4 tetrahedra and (M/Nb)O6 octahedra (M = W, Mo) and hence intrinsic oxygen vacancies. The results of a neutron diffraction study have demonstrated that, above 300 °C, Ba3MoNbO8.5 undergoes a structural rearrangement and the ionic conductivity is enhanced as the number of (Mo/Nb)O4 tetrahedra within the average structure increases. 22 4 Ba3Mo1-xNb1+xO8.5-x/2 (x = 0 -0.2) have also been synthesized. The substitution of Nb 5+ for Mo 6+ results in a reduced percentage of (Mo/Nb)O4 tetrahedra lowering the oxide ionic conductivity between 300 -500 °C. 23 However, the bulk oxide ionic conductivities of the Ba3Mo1-xNb1+xO8.5-x/2 phases are very similar at 600 °C. Similarly at 450 C the bulk conductivity of Ba3WNbO8.5 is more than an order of magnitude lower than that of Ba3MoNbO8.5 but at 600 C the bulk ionic conductivities of both compounds are comparable. 21 It has been suggested that the same structural rearrangement previously reported for Ba3MoNbO8.5 occurs in these compounds, preserving the high-temperature ionic conductivity. 21, 22 In the work reported here, we examine further the relationship between the ratio of (W/Nb)O4 tetrahedra to (W/Nb)O6 octahedra, temperature and conductivity. The W/Nb ratio was altered so as to adjust the oxygen stoichiometry according to Nb 5+ -> W 6+ + ½ O 2- resulting in the synthesis of Ba3W1.2Nb0.8O8.6. The electrical properties of this limiting composition were measured using electrochemical impedance spectroscopy (EIS), and a variable temperature neutron diffraction study was performed in order to investigate structure-property relationships in Ba3W1.2Nb0.8O8.6. The results demonstrate that upon heating to 600 C there is an increase in the ratio of (W/Nb)O4 tetrahedra to (W/Nb)O6 octahedra, enhancing the bulk conductivity.
EXPERIMENTAL
Compositions in the solid solution Ba3W1+xNb1-xO8.5+x/2 (x = 0.05, 0.10, 0.20 and 0.33) were prepared as reported previously for Ba3WMnO8.5 21 . The heating step at 1300 °C was repeated three times until the compound was phase pure. 5 X-ray powder diffraction patterns were collected at room temperature on a PANalytical Empyrean Powder diffractometer between 5° < 2θ < 70°, with a step size of 0.0131°.
In order to accurately determine the oxygen atom positions and fractional occupancies, time- Rietveld refinements were performed using the GSAS/EXPGUI programme. 24, 25 At each temperature the scale factor, background (shifted Chebyschev polynomial function), pseudo-Voigt profile function, lattice parameters, zero shift, atomic coordinates and anisotropic displacement parameters were refined. The hybrid 9R polytype -palmierite crystal structure previously reported for Ba3MoNbO8.5 20 and Ba3WNbO8.5 21 was used as a starting model. The O(1) and Ba fractional occupancies refined to within 1% of full occupancy and were fixed at 1.0 in further refinement. The occupancies of all other atoms were freely refined. The total occupancy of the Nb and W positions was fixed to fit the stoichiometry.
Impedance spectroscopy measurements were performed on a pellet of 10 mm diameter with 92% of the theoretical density. Data were recorded with a Solartron 1260 impedance analyser 6 in the frequency range 0.1 Hz -1 MHz. The sample was cooled from 600 °C to 400 °C in steps of 15 °C and equilibrated for 2 hours at each temperature. Data were recorded under a dry flow of air, pure nitrogen, pure oxygen and 5 % hydrogen/nitrogen and processed with the ZView software.
RESULTS AND DISCUSSION

Preliminary Characterisation
Only the x = 0.2 phase could be successfully synthesised as a pure phase at 1300 C, despite the synthesis of x = 0.33 being reported previously. 26 (1), c = 63.400(1) 28 ). The X-ray diffraction patterns of the Ba3W1+xNb1-xO8.5+x phases are displayed in Figure S1 . The reason for the stability of the x = 0.2 phase is currently unknown and theoretical calculations are warranted as they will give valuable insight for further doping strategies.
The X-ray diffraction pattern of Ba3W1.2Nb0.8O8.6 was indexed with the space group R3 ̅ m H (a = 5.8570 (1) Å and c = 20.9964 (5) Å), as previously reported for Ba3WNbO8.5. 21 The Ba3W1.2Nb0.8O8.6 phase is stable at 600 °C in N2, O2 and 5 % H2/N2 ( Figure S2 ).
Electrical Characterisation
Typical impedance spectra of Ba3W1.2Nb0.8O8.6 at 400 C and 600 C are displayed as Nyquist plots in Figure S3 . A Warburg electrode response is observed at all temperatures above 400 C in the low frequency region (<10 Hz). Such a response is indicative of ionic conduction in a material with partially blocking electrodes. 29 . The bulk and grain boundary responses overlap 7 at all temperatures as previously reported for Ba3WNbO8.5. 21 Equivalent circuit analysis was achieved using the same model described for Ba3WNbO8.5. 21 The fit to this model is shown in Figure S3 . The capacitance values were calculated as Cb ~ 3.6 pF cm -1 and Cgb ~ 0.014 nF cm -1 . Ba3MoNbO8.5 20 are presented in Figure 1 . The bulk conductivity of Ba3W1.2Nb0.8O8.6 is 0.0016 S cm -1 at 600 °C. A change in gradient is observed above 450 °C, so that the bulk activation energy decreases from 2.61 ± 0.12 eV to 1.26 ± 0.04 eV. Similar changes in slope are observed for Ba3MoNbO8.5 20 and Ba3WNbO8.5. 21 The bulk conductivity of Ba3W1.2Nb0.8O8.6 is higher than that of Ba3WNbO8.5 at 400 °C but much lower than that of Ba3MoNbO8.5 (Fig. 1) . At 600 C the 8 bulk conductivities of Ba3W1.2Nb0.8O8.6, Ba3WNbO8.5 and Ba3MoNbO8.5 are very similar (σb = 0.0016 S cm -1 , 0.0017 S cm -1 and 0.0022 S cm -1 at 600C respectively).
The Arrhenius plot of the total conductivity of Ba3W1.2Nb0.8O8.6 in several different atmospheres is displayed in Figure S4 . The results demonstrate that, like Ba3WNbO8. 5, 21 Ba3W1.2Nb0.8O8.6 exhibits negligible electronic conductivity from 400 C -600 C over the pO2 range measured. The grain boundary resistivity dominates the total resistivity of Ba3W1.2Nb0.8O8.6 (σgb = 3.7 x 10 -5 S cm -1 at 600 °C. The activation energy is 1.268 ± 0.006 eV).
Materials containing barium that are sintered at high temperature can have a different chemical composition of the grain boundaries resulting in a higher grain boundary resistivity. 30 This is caused by barium vaporisation and/or segregation of secondary phases such as BaCO3 in the grain boundaries. Further sintering studies will be required in order to reduce the grain boundary resistivity and further exploit the high bulk conductivity of these materials.
Crystal structure of Ba3W1.2Nb0.8O8.6 A good Rietveld fit to the hybrid model shown in Figure 2 was obtained at 25 C (Figure 3(a) ).
Disorder of the oxygen atom, O(3) is observed as previously reported for Ba3WNbO8.5. 21 The agreement indices and refined atomic positions are shown in Table S1 . Highly anisotropic thermal displacement of the W/Nb cations along the c-axis is observed (Table S1) (Figure 3) , where the ionic conductivity is thought to originate. 20 The bulk conductivity of Ba3W1.2Nb0.8O8.6 is greater than that of Ba3WNbO8.5 at 400 °C (b= 3.0 x 10 -6 S cm -1 and 4.8 x 10 -7 S cm -1 respectively (Figure 1) ), which would suggest that the number of charge carriers in Ba3WNbO8.5 is not optimum and could potentially be further enhanced by increasing the oxygen content via chemical doping. At the same time the substitution of W 6+ for Nb 5+ results in a higher fractional occupancy of the M(1) site (the fractional occupancies of the M(1) site are 0.91 and 0.82 for Ba3W1.2Nb0.8O8.6 and Ba3WNbO8.5 21 respectively). It was not possible to determine the ratio of W:Nb at the M(1) and M(2) sites and X-ray absorption experiments are warranted to gain more insight into the local co-ordination environments.
It has been postulated that the reason the bulk conductivities of Ba3MoNbO8.5, Ba3WNbO8.5
and Ba3Mo1-xNb1+xO8.5-x/2 are similar at 600 C is a result of a different rate of change in O(2), O(3), M(1) and M(2) fractional occupancies upon heating 21, 23 , so that the ratio of (M/Nb)O4 tetrahedra to (M/Nb)O6 octahedra is comparable in all compounds at 600C. In order to verify this theory, variable temperature neutron diffraction data were collected on Ba3W1.2Nb0.8O8.6 between 25 C and 600 C.
The Rietveld refinement fits at 350 °C and 600 °C are displayed in Figure 3 The O(3) and M(1) fractional occupancies both increase above 300 C, whilst the O(2) and 12 M(2) fractional occupancies decrease. The results demonstrate that above 300 C the crystal structure rearranges, resulting in an increase in the percentage of (W,Nb)O4 tetrahedra within the average structure. The same structural rearrangement has been reported for Ba3MoNbO8.5 22 and results in an enhancement of the bulk ionic conductivity. 22 Figure 6 , demonstrating that there is a relationship between the thermal evolution of the crystal structure and the electrical properties. Below 300 °C, the percentage of tetrahedra in 13 Ba3W1.2Nb0.8O8.6 is ~ 13.0% and increases to ~ 41.8% at 500 °C and ~ 45.5% at 600 °C. In contrast there are ~ 51.3% tetrahedra within the average structure of Ba3MoNbO8.5 at 300
C which increases to ~ 64.5% at 500 °C and ~ 64.9% at 600 °C 22 . This shows that the rate of increase of the (W,Nb)O4 tetrahedra upon heating from 300 C to 600 C is faster in Ba3W1.2Nb0.8O8.6 than in Ba3MoNbO8.5 enhancing the bulk conductivity at 600 C (Figure 1 Supplementary Tables S2-S3 . The structural rearrangement above 300 C is clearly evidenced in the changes in cell parameters and bond lengths and angles within the M(1)Ox polyhedra as the structure relaxes ( Figure S5 ). The thermal evolution of the bond lengths and angles are comparable to those previously described for Ba3MoNbO8.5. 22 The Ba3M'1+xM''1-xO8.5+x/2 (M' = W, Mo; M'' = Nb) phases all exhibit a second order Jahn-Teller distortion (SOJT) 32 (Table S2 ).
The SOJT results in a smaller distortion of the M(1) polyhedra for M' = W 21 at 25 C so that the reduced SOJT coupled with the smaller percentage of W(1)/Nb(1)O4 tetrahedra in Ba3W1.2Nb0.8O8.6 results in a bulk ionic conductivity approximately two orders of magnitude lower than Ba3MoNbO8.5 at 400 C (Figure 2a ).
Upon heating the M(1) atoms displace away from the O(2)/O(3) sites as shown in
Supplementary Figure S6 . The magnitude of this displacement, D, was calculated as previously described 22 and its thermal variation is shown in Figure S7 . The displacement of the M(1) site away from the mobile oxygen ion reduces the motional enthalpy required for the mobility of the oxide ions, further enhancing the ionic conductivity. This would suggest that the combination of an enhanced structural rearrangement and relaxation coupled with the change in charge carriers in the BaO2.6 layers (as a result of the increased oxygen content) results in a bulk ionic conductivity comparable to Ba3MoNbO8.5 at 600 C.
CONCLUSIONS
In summary the oxide ion conductor Ba3W1.2Nb0.8O8.6 has been synthesised. Significant oxide ion conductivity is observed at 600 C and there is no evidence of an electronic component in 5% H2/N2. Increasing the oxygen concentration in Ba3W1+xNb1-xO8.5+x/2 enhances the low temperature (400 C) conductivity. The results reported here demonstrate that Ba3M'M''O8.5 15 hexagonal perovskite derivatives that crystallise in the 9R/palmierite hybrid structure have the propensity to rearrange so that the ratio of (M'/M'')O4 tetrahedra to (M'/M'')O6 octahedra increases upon heating to 600 C. 
